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Introduction
Alzheimer's disease is a devastating neurodegenerative disease characterized by a progressive memory and cognitive decline. It is the most common cause of dementia in the elderly patients, affecting approximately 26 million people worldwide, and whose prevalence has been calculated to quadruple by 2050, thus reaching over 1% of the total population [3, 5, 41] .
Two forms of Alzheimer's disease have been described: a senile or sporadic form, and a presenile or familial form. The sporadic one develops in 95-98% of cases, while the familial type is limited to 2-5% [5] . The neurodegenerative processes of sporadic Alzheimer's disease start presumably 20 years ahead of the clinical beginning of the disorder [42] . The social and economic burden of Alzheimer's disease has been cal-culated -in the USA alone 600 billion dollars per year are spent for Alzheimer's disease patients' care [3] . In the UK, Alzheimer-type dementia costs the economy more than heart and cancer disease together [3] .
Nowadays, the diagnosis of an early not preclinical Alzheimer's disease is based on neuropsychological and neuroimaging examination, clinical symptoms of the disease and it is not a definitive diagnosis antemortem [1, 24] . At present, final diagnosis of Alzheimer's disease requires presentation of specific postmortem histopathological changes in the brain. The dramatic need for preclinical and correct diagnostic biomarkers of Alzheimer's disease has been raised for several years [1, 24] . Therefore, the necessity of non-invasive biomarkers that not only help to improve accuracy of diagnosis, but also allow an early/preclinical detection of Alzheimer's disease is evident. An ideal biomarker should identify the molecular processes associated with both neuropathological alternations that characterize the disorder and its correlation with dementia. In Alzheimer's disease, in addition to neuronal changes, a number of peripheral cells are affected including platelets, lymphocytes and erythrocytes. Because these cells are currently no diagnostic markers of Alzheimer's disease, a gradually increasing attention has been given to the need for studying them as blood cell-based biomarkers [38, 45] . As a way to face this problem, new and non-invasive biomarkers available in blood e.g. platelets, lymphocytes and erythrocytes, are presently under investigation. Platelets have been suggested as a good blood model of the processes occurring in brain in patients with Alzheimer's disease [3, 25] . Blood platelets, due to shared biochemical properties with neurons in Alzheimer's disease (increased β-secretase activity, amyloidogenic processing of amyloid protein precursor) [3, 15] , can be used as a peripheral model for investigation of neuronal pathology and can constitute an attractive alternative as discussed here [41] . They are the main peripheral source of the amyloid protein precursor, and the analysis of this protein in these cells has been postulated as a biomarker in the diagnosis and follow-up of Alzheimer's disease patients [3] . Another line of research indicated molecular and cellular aberrations in blood lymphocytes and erythrocytes of Alzheimer's disease patients [20, 38, 45] . In any case, the search for simple, reliable, non-invasive, and non-expensive diagnostic tests based on blood cells is an important drive for biomarker research. This review summarizes new data on platelets, lymphocytes and red blood cells as possible biomarkers of Alzheimer's disease. In this review, we present the recent knowledge on the involvement and/or response platelets, lymphocytes and red blood cells during Alzheimer's disease development. The facts will be reviewed with the special possibility for applying the above blood cells as Alzheimer's disease preclinical and antemortem blood cell-based biomarkers. Currently, reliable identification of such molecular characteristics antemortem is problematic due to restricted availability of appropriate sample material and now, the definitive diagnosis is only possible postmortem.
Abnormalities of platelets from Alzheimer's disease patients
It has been well-known that an amyloid protein precursor was found in platelet alpha granules in high concentrations and is released after platelet degranulation [15] . The whole amyloid protein precursor present in blood serum almost totally comes from platelets. Platelets are also the main source of β-amyloid peptide in blood plasma (∼90%), and this secreted peptide is similar to that found in the plaques of Alzheimer's disease subjects (β-amyloid peptide 1-42 increased in the extracellular space) [15] . Vessel damage which is observed in Alzheimer's disease is a natural cause of platelet activation and degranulation [3, 20] . Platelets circulate along the vessel wall responding immediately to vascular injury. The most important of great consequence modifications noted in platelets isolated from Alzheimer's disease patients are: decreased amyloid protein precursor ratio, switch from α-secretase to β-secretase activity that results in amyloidogenic processing of the amyloid protein precursor, and as a consequence, increased platelet activation [3] . This switch from physiological platelets non-amyloidogenic processing to amyloidogenic processing of the amyloid protein precursor is responsible for the increased β-amyloid peptide generation derived from platelets. In addition, changes in activity of cytochrome c oxidase, monoamine oxidase B, and cyclooxygenase 2 have been observed in platelets from Alzheimer's disease patients [41] . The amyloid protein precursor is present in the cell membrane as an intact protein of about 110 and 130 kDa and as soluble fragments of various lengths in platelet α-granules. The mod-ified amyloid protein precursor ratio in platelets expresses a positive correlation with the progression of the Alzheimer's disease [3] . This relationship is also present in the preclinical stage of Alzheimer's disease, and probably this can be useful as an early biomarker for Alzheimer's disease diagnosis [3] .
Other data showed a significant rise in the number of platelet aggregates, platelet-leukocyte complexes and P-selectin expression in resting platelets from Alzheimer's disease patients [3] . This suggests that platelets from patients with Alzheimer's disease exhibit increased basal activation compared to control ones. In one-year follow-up, platelet activation correlates very well with the degree of cognitive decline in Alzheimer's disease subjects [34] . Activated platelets have been shown to adhere to brain vascular amyloid deposits in Alzheimer's disease transgenic mouse model and that causes vessel occlusion [10, 15] . Platelets deposition in the brain microcirculation may explain the hemostatic abnormalities present in Alzheimer's disease patients [3] . Another essential element of platelet activation is the occurrence of higher levels of coated platelets in Alzheimer's disease subjects. Coated platelets are a subpopulation of activated platelets stimulated by collagen and thrombin and characterized by high procoagulant activity. They expressed a high level of the full-length amyloid protein precursor on cell surface compared to single agonist stimulated cells [31] . A number of coated platelets correlate with Alzheimer's disease progression and they have been shown to intensify inflammation [32] . These data suggest a potential role of coated platelets as a sensitive preclinical biomarker of Alzheimer's disease diagnosis. The presence of tau protein in platelets from Alzheimer's disease patients is suggested as a possible diagnostic biomarker, too [25] . It was found that the platelet tau protein displays a significantly higher correlation with Alzheimer's disease than the platelet amyloid protein precursor [8] . Platelets tau protein correlates with regional brain atrophy in patients with Alzheimer's disease [37] . It should be noted here that data on platelet tau protein as Alzheimer's disease biomarker originate from only one research group [8, 25, 37] .
Abnormalities of lymphocytes from Alzheimer's disease patients
Growing evidence indicates that, in Alzheimer's disease patients, pathological alterations take place not only in the brain tissue, but also in blood cells, such as lymphocytes. Evidently, blood lymphocytes from Alzheimer's disease subjects can be easily available as biomarkers for preclinical and definitive diagnosis and probably drug screening. Impaired Ca 2+ homeostasis and endoplasmic reticulum stress are frequently observed both in Alzheimer's disease brain tissue and lymphocytes [21, 44] . An increased reactive oxygen species amount, modified activity of antioxidant enzymes, excessive sensitivity of mitochondria, DNA damage and apoptosis were noted in lymphocytes from Alzheimer's disease patients [44] . In this situation, lymphocytes from patients with Alzheimer's disease show the oxidative stress reaction typical for the brain of Alzheimer's disease. Thus, tangible oxidative stress and impairment in the function of mitochondria were noticed in lymphocytes of Alzheimer's disease patients [43] . Above observations suggested the universal nature of oxidative stress in Alzheimer-type dementia and powerfully support the theory that oxidative stress is an early sign in Alzheimer's disease formation. Cell cycle dysregulation is another earlier Alzheimer's disease pathological sign manifested in lymphocytes [16, 43] . Additional molecular alterations noted in lymphocytes probably affect their normal immune activity [2, 18] . Some studies show the decrease in immune activity of lymphocytes due to a low level of blood T as well as B cells [19, 33] . A number of studies noted the role of T cells in the progress of Alzheimer's disease in connection with the immune system dysfunction, revealed by reduced reactivity of T cells to some pathological factors and a rise of the telomerase level in lymphocytes that leads to reduction of lymphocyte proliferation, the final consequence being the loss of immune system function in Alzheimer's disease subjects [6, 7, 9, 17, 33, 36, 46] . That clearly suggests the input of peripheral immune cells to the progress of Alzheimer's disease development.
Abnormalities of erythrocytes from Alzheimer's disease patients
The available data indicate that erythrocyte β-amyloid peptide 1-40 and 1-42 may constitute biomarkers for early Alzheimer's disease diagnosis [12] . These data suggest that plasma β-amyloid peptides bind to erythrocytes possibly with aging, implying a pathogenic role of erythrocyte amyloid complex. β-amyloid peptides 1-40 and 1-42 were noted also inside erythrocytes where their levels were established to be 8-and 14-times higher than in serum, respectively [12] . Erythrocyte amyloid complex induces the red blood cell changes in morphology, adhesion to endothelium and influences vessel activity [22, 38] . Current results indicate that 98% of erythrocytes from Alzheimer's disease patients are amyloid binding-positive but only 38% of such red cell-binding is noted in healthy subjects [45] . The ischemic hypothesis of Alzheimer's disease etiology holds the view that abnormalities in blood supply to brain seem a primary trigger for neurodegeneration with Alzheimer-genotype and phenotype [13, [26] [27] [28] [29] [30] 39, 40] . Moreover, the results indicate that erythrocyte β-amyloid peptide 1-40 and 1-42 may create blood cellsbased biomarkers of Alzheimer's disease diagnosis. Amyloid binding causes oxidative stress and reactive oxygen species generation in erythrocytes and induces accumulation of phospholipid hydroperoxides, a characteristic indicator for erythrocyte damage [23] . It was noted that erythrocyte protein kinase C could play a primary role in amyloid-induced oxidative stress unbalance and develop conformational changes of erythrocyte external acetylcholinesterase located on their external side [4] . Furthermore, since mechanical properties of erythrocytes membrane are regulated by a number of molecular components of signaling and regulatory pathways, of these, particular interest has been addressed toward nitric oxide metabolism, due to its dependence on acetylcholinesterase. Likewise, in red blood cells from Alzheimer's disease patients increased oxidative stress is revealed in the raised levels of hydrogen peroxide and decreased glutathione/glutathione disulfide ratio and glutathione transferase activity [14] . Also red blood cells from Alzheimer's disease subjects disclosed increased activity of hexokinase, phosphofructokinase, bisphosphoglycerate mutase and bisphosphoglycerate phosphatase [45] . Additionally, low levels of long-chain polyunsaturated fatty acids have been shown in erythrocyte membranes compared with healthy subjects [35] . Finally, erythrocyte membrane proteins such as the glucose transporter, calpain-1, band 3 protein, Hsp 90 and IgG were changed in patients with Alzheimer's disease [38] . Above presented changes in red blood cells from Alzheimer's disease patients support the ischemic hypothesis of Alzheimer's disease and contribute to the molecular reflection of Alzheimer's disease in red blood cells [13, [26] [27] [28] [29] [30] 39, 40] .
Conclusions
Despite several promising advances in Alzheimer's disease biomarkers [1] , effective predictive biomarkers of this disease are still elusive and now diagnosis relies on cognitive symptoms characteristic of the advanced stage of the disorder. This review summaries platelets, lymphocytes and erythrocytes as Alzheimer's disease potential blood cell-based biomarkers, their role, implication and alteration in the disease. This review also suggests that platelets, lymphocytes and erythrocytes appear just as relevant in this area of biomarker research.
Alzheimer's disease in the beginning was identified as only brain parenchyma disease, over the last decades being again evaluated as a disorder relating with various other peripheral tissue and cell pathologies in the organism [3, 25, 26, 38, 41, 45] . Indeed, it has been actually very well established that molecular changes in Alzheimer's disease patients do not occur only in the brain tissue, but even in blood cells and blood vessels [3, 25, 38, 41, 45] . Blood platelets, due to shared biochemical properties with neurons, can be used as a model for studying neuronal pathology [41] . Scientists have recognized that platelets, as circulatory blood elements, are affected not only in the onset but even in the progression of Alzheimer's disease. Platelets mirror what happens in brain tissue during the progress of Alzheimer's disease, and represent the cell type in which the early molecular processes in the onset of the disease can be identified. Unlike neurons, platelets can be without trouble accessible and make a valid cellular tool to investigate the neuropathogenesis of Alzheimer's disease.
Growing evidence brings out neuroinflammation as a very important process in Alzheimer's disease neuropathogenesis in the early and late disease stages [11] . Amongst mediators which considerably play a role in Alzheimer's disease neuroinflammatory processes are lymphocytes which migrate from blood through the blood-brain barrier to the Alzheimer's disease brain [20] . The neuroinflammatory factors present in the blood, as well as cellular and molecular changes in lymphocytes from Alzheimer's disease patients, are a promise for blood cell-based biomarkers for diagnosis of the early and progressing late stages of the disease. On the other hand, little is known on characteristic immune factors for Alzheimer's disease stages, due to imprecise recruit-ment of patients for such investigations. Further blood cell-based biomarker progress requires development of characteristic immune mediators for the preclinical, moderate and late antemortem diagnosis of Alzheimer's disease stages. Molecular modifications in lymphocytes in the early Alzheimer's disease cases provide a view into the processes of disease progress and promise biochemical biomarkers for early disorder identification, in addition to monitoring its responses to therapeutics. This concept may transform diagnostics, shifting its focus from clinical symptoms to molecular processes.
In this review, we present a number of potentially useful red blood cell biomarkers for Alzheimer's disease cases. These include red blood cell morphology, their membrane proteins as the glucose transporter, β-amyloid peptide, IgG, Hsp 90, band 3 protein, calpain-1 and oxidative stress. Of these molecules identified, β-amyloid peptide, Hsp 90, band 3 protein and calpain-1 indicate the most promising features as preclinical biomarkers. Nonetheless, the most exciting aspect of red blood cells is their changed morphology in Alzheimer-type dementia [38] . The changed morphology not only could be used as a diagnostic test but may be essential in early neuropathogenesis of the disorder.
In this review, we have summarized the limited and often discordant recent findings of potential preclinical Alzheimer's disease molecular diagnostic blood cell-based biomarkers in platelets, lymphocytes and red blood cells. Both in vitro and in vivo studies are aimed to understand in which way inflammatory processes, affected proteins, enzymes, signal transduction pathways and spontaneous activation are important in platelets, lymphocytes and erythrocytes to better define the molecular processes in Alzheimer's disease cases. Platelets are the principal players in organism homeostasis, but they also play a key role in Alzheimer's disease pathogenesis still remaining a potential biomarker to disease diagnosis.
Further studies must be done to set up the causal linkage between the circulatory blood elements in Alzheimer's disease brain. In light of the heterogeneity and complexity of Alzheimer's disease cases, the future blood molecular processes of disease will most likely be developed based on an integrated panel of various molecules in blood cells, in addition to blood serum, including proteins, DNA and miRNA changes and/or lipids. Further investigations will be needed to validate these blood cell-based biomarkers which could be used alone, combined, and/or in association with the classic biomarkers. Such a combined approach will make a precise determination of Alzheimer's disease stages and personal therapy. In addition, the correlation between blood biochemical biomarkers, brain imaging, clinical symptoms and neuropsychological tests seems necessary for further progress in solving the disorder etiology and mechanisms, in addition to diagnostics and therapy. This added new interesting evidence which directs to peripheral blood cells as a possible source for new and quick antemortem diagnostic blood cell-based biomarkers, in view of the fact that numerous modifications can be found in these cells in Alzheimer's disease cases.
